PAU genes constitute the largest gene family in Saccharomyces cerevisiae, with 24 members mostly located in the subtelomeric regions of chromosomes. Little information is available about PAU genes, other than expression data for some members. In this study, we systematically compared the sequences of all 24 members, examined the expression of PAU3, PAU5, DAN2, PAU17 and PAU20 in response to stresses, and investigated the stability of all Pau proteins. The chromosomal localization, synteny and sequence analyses revealed that PAU genes could have been amplified by segmental and retroposition duplication through mechanisms of chromosomal end translocation and Ty-associated recombination. The coding sequences diverged through nucleotide substitution and insertion/deletion of one to four codons, thus causing changes in amino acids, truncation or extension of Pau proteins. Pairwise comparison of non-coding regions revealed little homology in flanking sequences of some members. All 24 PAU promoters contain a TATA box, and 22 PAU promoters contain at least one copy of the anaerobic response element and the aerobic repression motif. Differential expression was observed among PAU3, PAU5, PAU17, PAU20 and DAN2 in response to stress, with PAU5 having the highest capacity to be induced by anaerobic conditions, low temperature and wine fermentations. Furthermore, Pau proteins with 124 aa were less stable than those with 120 or 122 aa. Our results indicate that duplicated PAU genes have been evolving, and the individual Pau proteins might possess specific roles for the adaptation of S. cerevisiae to certain environmental stresses.
INTRODUCTION
Nevertheless, the induction of the expression of some PAU genes by a range of environmental factors has been reported (Rachidi et al., 2000; Davies & Rine, 2006; Abramova et al., 2001b; Homma et al., 2003; Sahara et al., 2002) . The observations that PAU genes are highly upregulated during early stages of wine fermentation (Rossignol et al., 2003; Marks et al., 2008) and that the intracellular concentration of Pau5p is regulated by winemaking stress (Luo & van Vuuren, 2008) suggest that PAU genes play roles in the adaptation of yeast cells to stress during alcoholic fermentations. Furthermore, Pau proteins are homologous to N-terminal sequences of Tir/Dan proteins, which have a C-terminal putative glycophospholipid (GPI) attachment signal. Tir/Dan proteins might play a role in maintaining cell wall integrity or sterol uptake during stress (Abramova et al., 2001a; Alimardani et al., 2004) .
Most of the PAU genes are located in the subtelomeric region of chromosomes, a place for maintaining gene families that serve adaptive purposes (Fabre et al., 2005) . Subtelomeric regions have been evolving more quickly than the rest of the genome (Kellis et al., 2003) . The other large subtelomeric gene family in S. cerevisiae is the DUP gene family, which has 23 members. DUP gene duplication is thought to have occurred through non-reciprocal translocation, tandem duplication and transposon Tyassociated duplication (Despons et al., 2006) . Gene duplication has long been considered a major force driving evolution (Ohno, 1970) , and may occur via three mechanisms: chromosomal or segmental duplication, retroposition and tandem duplication (Zhang, 2003; Kong et al., 2007; Pan & Zhang, 2008) . The duplicated genes may either be lost or gain novel functions to retain their existence through divergence of sequence and expression during evolution (Taylor & Raes, 2004; Lynch & Conery, 2000) . Systematic analyses at the genome level have shown that a large proportion of duplicated genes in yeast have diverged rapidly, and the vast majority of gene pairs eventually become divergent in sequence and expression (Gu et al., 2002) . How so many PAU genes originated, why they were preserved and evolved, and their specific roles, are still unknown.
With these questions in mind, we systematically compared the regulatory and coding sequences of all 24 members, analysed induction of PAU3, PAU5, DAN2, PAU17 and PAU20 in response to a range of environmental factors, and characterized the stability of 17 Pau proteins. We observed that PAU genes might have originated from TIR/ DAN genes, been amplified through Ty-associated recombination and chromosomal end translocation, and diverged in sequence, stress response and protein stability.
METHODS
Sequence analyses. Sequences were derived from the SGD (http:// www.yeastgenome.org). The alignment method was CLUSTAL W in T-COFFEE (Notredame et al., 2000) v.5.05 or MEGA 3.1 (Kumar et al., 2004) . The program was run using default options. The output was viewed with Jalview and inspected visually. A phylogenetic tree (neighbour-joining method) was established with MEGA 3.1. The similarity of sequences was examined using BLASTN2.2.21+ (Altschul et al., 1997) . The YEASTRACT database (Teixeira et al., 2006) was searched for DNA motifs in promoter regions.
Yeast strains and culture conditions. S. cerevisiae strain BY4742 (MATa his3D1, leu2D0, lys2D0, ura3D0) was used in this study to amplify the PAU genes, and to construct strains that encode tandem affinity purification (TAP) sequences or TAP-tagged Pau proteins in the genome (Table 1) or on plasmids. A wild-type diploid wine yeast strain S92 was also used for amplification of the PAU7, PAU9 and PAU21/22 genes, and for expression of TAP-tagged genes and wine fermentation. All yeast strains were grown in Difco yeast extractpeptone-dextrose (YPD; 1 % yeast extract, 2 % peptone, 2 % glucose) or minimal medium [0.67 % Difco yeast nitrogen base (YNB), 2 % glucose plus the required amino acids]. For stress induction, cells were grown aerobically in YPD at 25 uC to mid-exponential phase, centrifuged, washed with sterilized water, and then resuspended in YPD, YNB (without a carbohydrate, amino acids and ammonium sulphate for combination of nitrogen and carbohydrate starvation stress), YNB plus 2 % glucose (for nitrogen starvation stress), YNB plus amino acid and ammonium sulphate (for carbohydrate starvation stress), or YNB plus 2 % galactose. Cells were then grown aerobically at 25 uC for 2 h or 10 uC for 24 h. To study Pau-TAP induction during anaerobic growth, cells were grown in 5 ml YPD in a tightly capped 5 ml tube without shaking at 25 uC. Anaerobic conditions for testing the activity of the PAU promoters were obtained using BBL GasPak anaerobic systems (Becton Dickinson).
TAP tagging and plasmids. Genome TAP tagging was performed as described previously (Luo & van Vuuren, 2008) , and the oligonucleotides used for tagging are listed in Table 2 . The following plasmids were constructed: (1) pUG36-PAU5. The coding region of the PAU5 gene was amplified with primers p89 and p148 from genomic DNA of strain BY4742, digested with SpeI and XhoI, and then cloned into SpeI-XhoI sites of pUG36. (2) pUG36-PAU7 (B) and pUG36-PAU7 (S). Due to the high degree of sequence homology with some of the other PAU genes, the coding sequence of PAU7 cannot be amplified directly by one round of PCR. We therefore first amplified the specific sequences covering the PAU7 ORF by using primers p89 and p141 from laboratory strain BY4742 and wine strain S92, respectively. The PAU7 coding sequence was then amplified from the first-round PCR products with primers p89 and p151. After digestion with SpeI and XhoI, the PCR products were cloned into SpeI-XhoI sites of pUG36, yielding pUG36-PAU7 (B) (B refers to the PAU7 coding sequence from strain BY4742) and pUG36-PAU7 (S) (S refers to the PAU7 coding sequence from strain S92). (3) pUG36-PAU9. For the same reason as above, a two-round PCR strategy was used to clone the PAU9 ORF. The first round was carried out using primers p142 and p143 from BY4742 and primers for the second-round PCR were p89 and p151. The PCR products were trimmed by SpeI and XhoI, and inserted into pUG36 pre-digested with the same enzymes. (4) pPAU21/22-TAP, pPAU21/22 (M1I)-TAP and pPAU21/22 (M41I)-TAP. The entire PAU21/22 coding sequence plus their identical 1018 bp promoter sequence was amplified by primers p146 and p147 from genomic DNA extracted from BY4742. After digestion with XbaI and XhoI, the fragment was ligated into the SpeI and XhoI sites of pKS, yielding plasmid pKS-PAU21/22, on which the mutated PAU21/ 22 gene encoding either the M1I or the M41I substitution was generated by site-directed mutagenesis using a QuickChange mutagenesis kit (Stratagene). After the mutation was confirmed by DNA sequencing, an XbaI-XhoI fragment of the wild-type and the mutated PAU21/22 gene was inserted into the same sites of pRS326, yielding pRS326-PAU21/22, pRS326-PAU21/22 (M1I) and pRS326-PAU21/22 (M41I). Subsequently the TAP tag plus CYC1 termination sequences were cut from plasmid pMET25p-TAP (Luo & van Vuuren, PAU3, PAU4, PAU5, PAU7, PAU9, PAU13, PAU16, PAU17, PAU19, PAU20, DAN2 and DAN3 were amplified from genomic DNA extracted from BY4742 or existing plasmids, digested with SpeI and XhoI, and ligated to the same sites of the cloning vector pKS, yielding pKS-PAU2, pKS-PAU3, pKS-PAU4, pKS-PAU5, pKS-PAU7, pKS-PAU13, pKS-PAU16, pKS-PAU17, pKS-PAU19, pKS-PAU20, PKS-DAN2 and pKS-DAN3, respectively. pKS-PAU1 was generated by ligation of the small EcoRV-NcoI fragment of pKS-PAU20 with the large EcoRV-NcoI fragment of pKS-PAU9. pKS-PAU6 was generated by ligation of the small XbaI-NcoI fragment of pKS-PAU9 with the large XbaI-NcoI fragment of pKS-PAU20. Plasmids pKS-PAU10, pKS-PAU15 and pKS-PAU12 were derived by site-directed mutagenesis of plasmids pKS-PAU9, pKS-PAU19 and pKS-DAN3, respectively, based on only one amino acid difference between these pairs of Pau proteins. After DNA sequencing, the correct PAU ORFs were cut from their intermediate cloning plasmids with XbaI and XhoI and inserted into vector pMET25p-TAP pre-digested with the same restriction enzymes, yielding the following plasmids which encode different TAP-fused Pau proteins driven by the MET25 promoter: pMET25p-PAU1-TAP, pMET25p-PAU2-TAP, pMET25p-PAU3-TAP, pMET25p-PAU4-TAP, pMET25p-PAU5-TAP, pMET25p-PAU6-TAP, pMET25p-PAU7-TAP, pMET25p-PAU9-TAP, pMET25p-PAU10-TAP, pMET25p-PAU12-TAP, pMET25p-PAU13-TAP, pMET25p-PAU15-TAP, pMET25p-PAU16-TAP, pMET25p-PAU17-TAP, pMET25p-PAU19-TAP, pMET25p-PAU20-TAP, pMET25p-DAN2-TAP and pMET25p-DAN3-TAP. All DNA manipulations were performed by standard procedures as described by Ausubel et al. (1999) , and oligonucleotide sequences used for cloning are shown in Table 2 .
Protein extraction and Western blot analyses. Whole-cell extracts were prepared and subjected to SDS-PAGE and immunoblotting as described previously (Luo & van Vuuren, 2008) . A monoclonal anti-GFP antibody (Roche) was used to detect GFPfusion proteins. Peroxidase-anti-peroxidase soluble complex (PAP; Sigma) was used to detect TAP or TAP-tagged proteins. As a loading control, Pgk1p was also detected in the blots using monoclonal anti-3-phosphoglycerate kinase (anti-PGK) antibody (Molecular Probes).
Cycloheximide chase assay. For aerobic chasing, yeast strains transformed with pMET25p-PAU1-TAP and pMET25p-PAU3-TAP were grown aerobically at 25 uC to mid-exponential phase in YNB plus essential nutrients. After addition of cycloheximide to a final concentration of 100 mg ml 21 , the cell culture was chased for 10, 15, 30 and 40 min, respectively. For anaerobic chasing, cells were grown in a 50 ml bottle filled with 40 ml YNB plus essential nutrients and fitted with an S-shaped air lock. When the cell density reached an OD 600 0.5, cycloheximide at a final concentration of 100 mg ml 21 was injected through the rubber stopper to the culture. After addition of cycloheximide, the culture was kept under anaerobic conditions, and samples were withdrawn using syringes at 10, 15, 30 and 40 min. Equal volumes of cells (1 OD 600 ) were collected, added to 10 mM NaN 3 and incubated on ice for 10 min. Cell lysis and immunoblotting were performed as previously described (Luo & van Vuuren, 2008) .
RESULTS AND DISCUSSION
Expansion of PAU genes in S. cerevisiae
There are 24 PAU genes in S. cerevisiae distributed across all 16 chromosomes; 19 copies are located in subtelomeric regions, and five copies are found in internal regions (Fig. 1) . Using the synteny viewer in SGD, four PAU genes (PAU2, PAU11, PAU12 and DAN2) were detected in Saccharomyces bayanus, five (PAU2, PAU7, PAU9, PAU11 and PAU17) in Saccharomyces mikatae and five (PAU2, PAU7, PAU9, PAU21 and DAN3) in Saccharomyces paradoxus, far fewer than the 24 copies in S. cerevisiae. We also searched for PAU orthologues in the genomes of ancient yeast species that existed before whole-genome duplication through the yeast gene order browser (YGOB) (Byrne & Wolfe, 2006) , and only found TIR/DAN genes, with 59 end sequences that are highly similar to PAU genes. This observation raised the possibility that PAU genes originated from the N-terminal sequence of TIR/DAN genes. Inspection of the gene order and the synteny around all PAU genes in S. cerevisiae revealed some clues about how PAU genes expanded. Four of the five internal PAU genes (PAU2, PAU5, PAU17 and DAN2) are flanked by a transposable element (Ty1) at one end, suggesting that they were integrated into the region by recombination between transposable elements. The other internal PAU gene, PAU7, is located adjacent to a transposition hot-spot where one solo and five tandem repeats from the DUP240 family are located (Wirth et al., 2005) . It is interesting that all subtelomeric paralogues of PAU genes are in the same orientation relative to the telomere: genes close to the left end of chromosomes are located on the Crick strand, and genes close to the right end of chromosomes are on the Watson strand (Fig. 1) . This same orientation implies that they might have been duplicated by chromosome end translocation. The reason why so many PAU genes have evolved remains a mystery. It has been proposed that subtelomeric regions are preferred sites for efficient amplification of useful genes, the expression of which gives yeast cells advantages to adapt to environmental changes (Fabre et al., 2005) . For example, it has been proposed that the SUC, MAL and MEL families were amplified in subtelomeric regions for yeast to use specific carbon sources (Pryde et al., 1997) . Given that S. cerevisiae is the main natural species used to ferment grape must to produce wine, and that the expression of PAU genes is induced during wine fermentation, the expansion of PAU genes in the subtelomeric region of S. cerevisiae could contribute to its adaptation to wine fermentation stress.
Sequence divergence in the coding region of PAU genes During its evolution, S. cerevisiae has evolved mechanisms, such as sequence specialization, to acquire novel functions for duplicated genes. Although the exact role of PAU genes remains unclear, it is worthwhile to detect the sequence variation amongst the PAU members. The sequence alignment of PAU genes and Pau proteins was therefore performed using MEGA 3.1 (Kumar et al., 2004) (Figs 2 and  3) ; 100 % identity was shown within the following pairs: PAU1/PAU14, PAU6/PAU18, and PAU21/PAU22. These pairs were located within the duplicated segments at the chromosome ends, which share high sequence similarity (above 90 %). Insertion or deletion of one to four codons was found to be the reason for length polymorphism of Pau proteins whose lengths are 120, 122, 123 or 124 aa (Fig. 3) . A single-nucleotide substitution or insertion was observed to cause the truncation of Pau7p (55 aa) and Pau9p (42 aa), and the extension of Pau21/22p (164 aa). These mutations could be systematic sequencing errors as reported for other genes in SGD. The most frequently occurring mutations are Functional analyses of PAU genes in S. cerevisiae nucleotide substitutions. Synonymous single-nucleotide changes outnumber non-synonymous changes. A strong preference for C/T transition at the third place of the triplet codon was also observed. For example, compared with the consensus sequence, PAU5 showed 48 nucleotide variations, of which 28 (58.3 %) were C/T transitions that do not change the amino acid sequence. This preference might explain why PAU genes exhibit highly biased codon usage: among 122 codons of PAU5, 87 contain C or T in the third position. Thus, PAU genes seem to have evolved with selection pressure to maintain their protein sequences.
Revisiting the sequences of PAU7, PAU9 and PAU21/22
Given that some errors have been reported in the SGD sequence data, we reasoned that the single-nucleotide mutations which lead to truncation of Pau7p and Pau9p, and extension of Pau21/22p (Fig. 4a) , might be due to sequencing errors. To test this, we amplified and sequenced PAU7, PAU9 and PAU21/22 from an S288C-derivative strain, BY4742, and a wine yeast strain of S. cerevisiae, S92 (Fig. 4b) . In BY4742, in the sequence of PAU7, the nucleotide at position 166 is thymidine (T), confirming the reference sequence. However, PAU7 in the wine yeast strain S92 has a cytidine (C) rather than a thymidine (T) at position 166, extending Pau7p in S92 to 122 aa, the same size as Pau7p in the relatively ancient species S. paradoxus and S. mikatae. The PAU9 gene amplified from both BY4742 and S92 has two Ts starting at the 2180 position rather than three Ts as reported in the reference sequence (Fig. 4b) , suggesting a sequencing error in PAU9 in the reference sequence. As a consequence, the corresponding Pau9p is corrected to 120 aa long, thus sharing an identical Fig. 1 . Chromosomal location of PAU genes in S. cerevisiae strain S288C. The number in parentheses indicates the distance (in kb) of the PAU gene from the telomere end. Subtelomeric regions were defined by a distance of less than 20 kb from each telomere end (Wyrick et al., 1999) . AA, amino acid; vertical lines indicate the relative location of PAU genes on the chromosomes; the filled circle represents the centromere. (Fig. 4c) . The sequences of PAU21/22 in both BY4742 and S92 are the same as the reference sequences (Fig. 4b) .
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PAU21/22 encodes two peptides
Pau21/22p contains a 40 aa N-terminal extension compared with other Pau proteins. The PAU21/22 ORF contains three in-frame ATGs, with the second one corresponding to the translational start site of other PAU genes (Fig. 4a) . We speculated that PAU21/22 produced two peptides of different lengths by translating from different start codons. To test this possibility, we cloned PAU21/22 with their promoter sequence, changed two potential start codons, Met1 and Met41, respectively, to isoleucine, and constructed C-terminal TAP tag-fused expression cassettes in a 2m plasmid pRS326. As PAU genes have been reported to be anaerobic genes (Rachidi et al., 2000) , we tested the expression of Pau21/22p in anaerobically grown cells. Western blot analysis showed that under the anaerobic conditions, cells expressed wild-type Pau21/22p-TAP as two major proteins (36 and 40 kDa) (Fig. 4d, lane 1) , mutation of the first ATG of PAU21/22 resulted in the disappearance of the 40 kDa band (Fig. 4d, lane 2) , and mutation of the second ATG at position 121 made the 36 kDa band disappear (Fig. 4d, lane 3) , demonstrating that ATGs at both position 1 and position 121 in PAU21/22 are functional and initiate the translation of peptides of 164 and 124 aa, respectively. From the relative amount of the two peptides, the small one of similar size to other Pau proteins is the major form induced by anaerobiosis. Whether the 40 aa extension of Pau21/22p at its N terminal is function-related remains unknown.
Relationship of PAU genes and their relatives
Pau proteins share homology with the N-terminal region of Tir and Dan proteins. To establish their genetic relationship, a phylogenetic tree was constructed using MEGA 3.1 for all PAU, DAN and TIR genes in S. cerevisiae (Fig. 5) . Our data indicated that PAU genes are clustered into three groups that encode proteins of 120, 122 and 123/124 aa. The PAU gene family is more closely related to the DAN family than to the TIR family. DAN2 was clustered in group III of the PAU family and DAN3 in group I of the PAU family; they were obviously misnamed previously (Abramova et al., 2001a) . We therefore suggest that DAN2 and DAN3 be renamed as PAU23 and PAU24, respectively.
Comparison of flanking sequences among PAU genes
To determine potential divergence in the flanking regions of the PAU genes, we retrieved and compared up to 500 bp upstream of the start codon and 500 bp downstream of the stop codon from all 24 PAU genes (Table 3 ). In general, the similarity varies greatly between the flanking sequences of the PAU genes: from no significant similarity to 100 % identity. Most of the subtelomeric PAU genes showed high homology in the flanking regions, while the internal PAU genes (PAU2, PAU5, PAU7, PAU17 and DAN2) showed no significant similarity, except for PAU5 and PAU7, which had 79 % identity in their 59 500 bp flanking sequence. Among the higher-homology flanking sequences in all PAU genes, the minimum identity was 66 %, lower than that of Duplicated genes can result from large-scale duplication, e.g. chromosomal or segmental duplication. In this type of duplication, the duplicated genes show high similarity in both the coding regions and their flanking regions. The duplication of the most subtelomeric PAU genes might belong to this type. For example, PAU21 and PAU22 share 100 % identity in the coding regions and 99 % in the upstream regions (up to a few kilobases) and downstream regions (500 bp). The gene order in the PAU21 and PAU22 neighbourhood is PAU21-ERR1-HSP33-FDH1 and PAU22-ERR2-HSP32-FDH2, respectively. It is obvious that the gene pair of PAU21 and PAU22 is located within the segment that was duplicated between the right end of chromosome XV and the left end of chromosome XVI. The length of this duplication spans at least 11 146 kb. The other type of duplication is called retroposition (Zhang, 2003) . This type occurs when an mRNA is retrotranscribed to cDNA, then inserted into the genome. Thus the promoter and termination sequences of the resulting duplicates usually have a different origin. Some of the internal PAU genes or the other PAU genes whose flanking sequences lack similarity might have originated through retroposition.
Motif searching using the YEASTRACT database (Teixeira et al., 2006) revealed some common features in the promoters of PAU genes. All but one contain at least one copy of the Upc2p binding site (absent in PAU13) and the Table 3 . Sequence similarity in 500 bp flanking regions between PAU genes
The non-shadowed numbers represent the percentage identity between 500 bp sequences upstream of the start codon of PAU genes; the shadowed numbers represent the percentage identity between 500 bp sequences downstream of the stop codon of PAU genes. -, No significant similarity.
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Microbiology 155 Mot3p binding site (absent in PAU9) (Table 4) . Upc2p induces transcription of sterol biosynthetic genes (Vik & Rine, 2001 ) and of DAN/TIR genes (Abramova et al., 2001b) under hypoxic/anaerobic conditions. Its binding motif (TCGTTYAG) is also called an anaerobic response element (AR1) (Cohen et al., 2001) . Mot3p is a transcription factor involved in repression of a subset of hypoxic genes by Rox1p, repression of several DAN/TIR genes during aerobic growth, and repression of ergosterol biosynthetic genes (Hongay et al., 2002; Sertil et al., 2003) . Probably both Upc2p and Mot3p are also involved in the regulation of PAU gene expression. The other common feature in the PAU promoters is they all have a TATA box in the region of 295 to 2110 before the start codon. These findings are in agreement with a previous report that TATA-containing promoters are prevalent in subtelomeric regions, highly associated with response to stresses, and highly evolving (Basehoar et al., 2004) .
Differential expression of PAU genes
Duplicated genes may gain novel functions through regulatory evolution. We therefore investigated whether the expression profiles of PAU genes are different. Given the high sequence similarity amongst the PAU genes, which makes it impossible to detect signals from individual PAU mRNAs due to cross-hybridization, we applied Western blot analyses to detect Pau protein levels. Five PAU genes, PAU3, PAU5, DAN2, PAU17 and PAU20, representing different subgroups and chromosomal localizations, were fused with a TAP tag just before the stop codon in their chromosomal loci. The expression of Pau5p-TAP, which has been previously reported (Luo & van Vuuren, 2008) , was used as a control. Western blot analysis revealed that like Pau5p-TAP, Dan2p-TAP and Pau20p-TAP were highly induced by low temperature and anaerobic conditions. Pau3p-TAP and Pau17p-TAP were not detected under any of the conditions tested (Fig. 6a) . Since the stability of Pau proteins might differ, thus affecting steadystate levels, we measured the promoter activity by using the TAP tag as a reporter, replacing the PAU ORF with a TAP tag in the genome of BY4742. Expression was detected by Western blotting. As shown in Fig. 6(b) , the basal constitutive expression of PAU5 and DAN2 was detected in cells grown in YPD. Treatment of yeast cells for 2 h with nitrogen starvation, carbohydrate starvation or growth in a Functional analyses of PAU genes in S. cerevisiae non-fermentative medium showed the least effect on the induction of the five PAU genes. Under low temperature, the induction of TAP was observed in PAU5, PAU20 and DAN2, with much more induction of PAU5 and DAN2.
Under anaerobic conditions, activity of the PAU3 promoter was weakly induced, while the activity of the PAU5, PAU20 and DAN2 promoters was dramatically increased. The induction of Pau-TAP fusion proteins in wine yeast strains was also investigated during alcoholic fermentation using Chardonnay grape must. The results (Fig. 6c) showed Z. Luo and H. J. J. van Vuuren that Pau5p-TAP, Pau20p-TAP and Dan2p-TAP were largely induced at an early stage of fermentation and remained almost constant throughout the entire fermentation process. Pau17p-TAP was lightly induced, while almost no Pau3-TAP was observed. Obviously, these five PAU genes responded differently to stress.
The repression of PAU genes under aerobic conditions has been suggested to be caused by the telomere position effect (TPE) (Ai et al., 2002) . To determine whether this is indeed the case, we studied the expression of the URA3 gene by growing Pau-TAP-tagged yeast strains on 5-fluoro-orotic acid (5-FOA) plates. In Pau-TAP-tagged strains, a copy of the URA3 gene with its native promoter is located in the region immediately downstream of the PAU genes. If URA3 is expressed, it would make 5-FOA toxic and yeast cells would not grow (Boeke et al., 1984) . Our results showed that as control, the strain BY4742 (ura3D0) grew well on the 5-FOA plate, while strains LY5 (PAU3-TAP-URA3), LY6 (PAU5-TAP-URA3), LY7 (DAN2-TAP-URA3), LY8 (PAU17-TAP-URA3) and LY9 (PAU20-TAP-URA3) all failed to grow on the 5-FOA plate (data not shown), indicating that the native URA3 gene located in a similar position to the PAU genes was expressed in all the PAU-TAP-URA3 strains. Therefore, repression of the subtelomeric PAU genes might not be due to TPE.
A hypothesis has been proposed elsewhere that subtelomeric PAU genes are more weakly inducible than the internal ones, based on the expression of PAU4, PAU5 and PAU6 on the plasmid-borne copies of PAU-lacZ fusions (Rachidi et al., 2000) . Our results (Fig. 6) , however, indicate that PAU20, although located in the subtelomeric region, was highly induced by anaerobic conditions and weakly induced by low temperature. Therefore, gene position does not appear to correlate to expression under different conditions. Instead, we believe that the variation in promoter sequences, the number of copies and location of the stress-inducible elements and the repressor binding motifs (Table 4) , as well as the 59 and 39 untranslated regions (UTRs), might be responsible for the differential expression of PAU genes in response to stresses.
Divergence in stability of Pau proteins
To test whether the sequence divergence of Pau proteins affects their stability, we cloned all PAU ORFs into a CENbased expression plasmid driven by the MET25 promoter. Pau-TAP fusion proteins were induced by growing cells in YNB medium without methionine. Western blot analysis showed that after 12 h induction, levels of individual Pau proteins varied, with the average amount of 120 and 122 aa Pau proteins being about eightfold more than that of 124 aa Pau proteins (Fig. 7a) , suggesting that the latter are less stable. To confirm this, cycloheximide chase assays were performed for Pau1p (120 aa) and Pau3p (124 aa). After protein synthesis was stopped by cycloheximide, Pau3-TAP degraded rapidly in YPD, with a half-life of less than 15 min, while the half-life of Pau1-TAP was~30 min (Fig. 7b) . Anaerobic growth conditions slowed the degradation process of both proteins. In addition, the molecular size of Pau1-TAP and Pau3-TAP gradually increased during their degradation process, in agreement with the previous observations for Pau5p-TAP (Luo & van Vuuren, 2008) , which might be due to hyperphosphorylation. These results suggest that in addition to transcriptional regulation, yeast cells have evolved mechanisms to independently regulate the protein levels of the multiple PAU genes. Functional analyses of PAU genes in S. cerevisiae
In conclusion, this study provides evidence that after duplication, paralogues of the multiple PAU gene family have diverged at the levels of sequence, expression and protein stability. Although the function of Pau proteins has yet to be defined, the amplification and persistence of so many diversified PAU genes might indicate that they have specific roles in the adaptation of yeasts to a variety of environmental stresses.
